Introduction
Premixed combustion is considered as one of the most effective methods to reach low NO x emissions and comply with increasingly stringent regulation. Combined with swirling flow geometries, very lean operation is possible, making single digit NO x emissions a reality. However, premixed combustion technology still faces some difficulties; one of the most prominent challenges is the increased susceptibility to thermo-acoustic instabilities that can lead to safety issues and potentially have dramatic and irreversible consequences on costly gas turbine hardware. Heat release from the reacting flow can experience fluctuations often due to equivalence ratio oscillations or unsteadiness in the flow field itself, like vortex shedding and other coherent flow structures. Heat release oscillations may couple with the acoustic pressure fluctuations to form a positive feedback loop that can lead, under some conditions, to resonance. Most operating conditions have been shown to influence the thermo-acoustic stability of the combustor. Equivalence ratio as well as fuel composition, mixture preheat temperature, and other flow properties like swirl and Reynolds numbers' effect on dynamic instabilities have been investigated [1] [2] [3] [4] [5] [6] [7] [8] . Because of its critical importance, thermoacoustic instabilities arising in premixed combustion have been extensively studied for decades and are still an active area of research. However, our knowledge in this field is still incomplete and more research effort is needed. Candel [9] provides a comprehensive review of the challenges pertaining to combustion instabilities and the advances made in modeling, predicting, and controlling it. A more recent review by Huang and Yang [10] focused on dynamic instabilities in swirl-stabilized combustors, looking at both experimental and numerical progress made in this field; different driving mechanisms for instabilities were surveyed as well as the existing methods for mitigating this unwanted phenomenon both in a passive and active fashion.
Modern gas turbine combustors rely on turbulent swirlstabilized combustion as an effective way to anchor the flame and lower the blowout limit at lean operations. These complex swirling flows give rise to multiple recirculation zones and shear layers creating many possibilities of flame local stabilization. This makes swirling reacting flows exhibit several possible mean flame configurations. These flame brush distributions, which we refer to as macroscale structures or simply macrostructures, have also been previously reported as a function of different operating conditions. Schefer et al. reported the dependency of flame macrostructures on fuel composition through hydrogen addition to a premixed air-methane mixture [11] . Chterev et al. explored the effect of equivalence ratio and preheat temperature as well as geometrical features like the swirl number and the centerbody design on the different mean flame configurations [12, 13] . The dependency of flame macrostructures on the Reynolds number has been also investigated. The common flame macrostructures often observed in swirlstabilized combustors are as follows: columnar flames; bubblecolumnar flames; conical flames with no flame stabilized in the ORZ; and conical flames with reaction taking place in the ORZ and/or along the OSL. Depending on the geometry and the burner centerbody, some of these flames have also been observed both attached or lifted from the centerbody.
It is essential to understand the controlling parameter for different flame macrostructures. The conditions under which transitions between flame types and the mechanisms underlying it are of great interest. One of the main reasons is the potential shift in dynamic stability characteristics of certain combustors when changes in flame macrostructure occur. Few researchers highlighted this relationship. By changing the inlet temperature in their large eddy simulation of swirl-stabilized combustion, Huang et al. noted that there is a temperature threshold where the flame propagated into the ORZ. This change in flame macrostructure was accompanied by a bifurcation to thermo-acoustic instability. The author argued that the presence of the flame in the ORZ makes the combustor more prone to instability, since a large amount of heat is released within a confined area close to an acoustic antinode [10] . Such results favor a hypothesis of causality from a transition to ORZ flame to an onset of thermo-acoustic instabilities. In a study spanning a wider range of operating conditions, Fritsche et al. investigated both optical and acoustic characteristics of flames at different conditions: one of the goal was to explore the connections existing between flame types and noise levels. They showed that flame shapes closer to the lean blowout, i.e., the columnar flames and single conical flames are always dynamically stable, and that the flames with reactions taking place in the ORZ can be stable or unstable depending on the choice of equivalence ratio and inlet temperature. The transition to thermo-acoustic instability as the equivalence ratio is increased, for a fixed inlet temperature, occurred along with the first appearance of a continuous flame front in the ORZ. Figura et al. chose to investigate fuel composition effect on dynamic instabilities in a lean premixed combustor through changing the combustion length and hydrogen fraction in a natural gas-hydrogen mixture. They reached the conclusion that operating conditions with "the same stable flame location have very similar stability characteristic." Thus, the relationship between flame macrostructures and dynamic stability has been observed but few systematic investigations of this relationship, spanning all possible macrostructures were undertaken. In addition, it is still unclear from the previous studies whether acoustic fluctuations are responsible for the flame macrostructures to change (in particular the propagation into the ORZ for double conical flames) or the presence of the flame in the ORZ leads to a sharp increase in sound levels. More evidence is needed to know if flame macrostructure transition is acoustically dominated or turbulent combustion dominated phenomenon. In this paper, we explore the relationship between the flame configuration in a swirl-stabilized combustor at different equivalence ratios and its stability map, in more detail, by controlling the effect of acoustics. We focus on the equivalence ratio over the lean operating range / 2 ½/ LBO À 0:75, keeping everything else fixed (fuel, swirl number, Reynolds number, inlet temperature, and pressure). We first describe the experimental setup as well as the diagnostics techniques used in this study. Then, we analyze the dynamic stability map of the combustor and different mean configurations exhibited by the flame as the equivalence ratio is raised. A modification of the combustor without changing the underlying flow allows the decoupling of the combustion and the acoustics over a range of interest. A comparison of the mean flame configurations obtained for both combustor lengths is done. Finally, we focus on the transition to an ORZ flame and extract some of the dynamics associated with it.
2 Experimental Setup and Diagnostics 2.1 Experimental Apparatus. Experiments are conducted in a swirl-stabilized dump combustor representative of can combustors found in modern gas turbines. Figure 1 shows the details of the experimental setup used in this study. Fuel and air are premixed upstream of a choke plate. The role of the choke plate used here is twofold. First, by choking the flow, a sonic Mach number is imposed preventing pressure waves from traveling upstream. The fuel and air nozzles would not be disturbed by acoustic waves avoiding equivalence ratio fluctuations. Thus, we allow mainly vortex-driven combustion dynamics in this investigation. Second, the use of an orifice plate ensures close to perfect premixedness of the fuel and air before reaching the combustion chamber.
After the choke plate the mixture flows through a cylindrical pipe with inner diameter of D inlet ¼ 38 mm and length [14] .
After the swirler, the flow passes through a sudden expansion from the upstream diameter to a downstream diameter D outlet ¼ 2 Â D inlet . Sudden expansions are also commonly used in combustor as they force flow separation and create shear layers and recirculation zones. Finally, the exhaust plane is situated at L exhaust ¼ 115.8 Â D inlet downstream of the choke plate. The combustor discharges into a plenum at near atmospheric pressure. The experimental setup is similar to the ones previously investigated by our research group [15] [16] [17] [18] . The swirl number is fixed and estimated at S $ 0.7 based on the swirler's vanes angle, the Reynolds number based on the inlet diameter is Re Din ¼ 20; 000, and the pressure is atmospheric. At these conditions, a vortex breakdown occurs downstream of the swirler due to an adverse pressure gradient both in the nonreacting and reacting flows, creating a central recirculation zone. The presence of a sudden expansion exacerbates the adverse pressure gradient, stabilizes the axial location of the IRZ, and also creates an additional toroidal recirculation zone outside of the main jet, leaving the inlet pipe called outer recirculation zone (ORZ). An inner and outer shear layers (ISL and OSL) separate the three zones: the IRZ, the annular swirling jet, and the ORZ, as shown schematically in Fig. 3. 2.2 Diagnostics Tools. Different diagnostics techniques are used in this paper. Pressure measurements are performed in the combustor at L P1 % 3 Â D inlet downstream of the choke plate using a Kulite MIC-093 microphone. High speed chemiluminescence flame imaging is performed using a NAC GX-1 high-speed CMOS camera mounted on the side of the combustor. The high speed camera is equipped with an infrared (IR) blocking CG-BG-39 Schott filter. A 50 mm lens with an aperture value of f/1.8 is used at frame rates varying from 100 to 200 frames per second and an exposure time of 1/250 s. Larger exposure time flame images are taken using a digital single-lens reflex (DSLR) camera, from which the flame brush extent-we refer to as the flame macrostructure-is inferred. The DSLR camera is equipped internally with a built-in IR cut filter at the sensor level as well as a glass lens eliminating part of the IR radiation and no external filter were used. The long exposure chemiluminescence images using the DSLR camera are taken with exposure time of 1/4 s, an aperture value of f/2.8, and ISO (sensor sensitivity) of 3200. Optical access is made possible via a fused silica tube of length L quartz tube ¼ 10:5 Â D inlet and thickness d quartz ¼ 2.5 mm, shown in Fig. 1 . The obtained line-of-sight mean flame images are deconvolved using an inverse Abel transform [19] . This operation leads to a single cross-sectional distribution of the flame and gives the spatial range of the flame brush.
The velocity field is interrogated using a high-speed particle image velocimetry (PIV) system. Al 2 O 3 seeding particles (of diameter between 0.9 and 2.2 lm) are introduced into the mixture upstream of the swirler. A light sheet less than 1 mm thick is produced along the combustor's axis using a 50 W Nd:YLF laser. Two high-speed NAC GX-1 CMOS cameras are mounted aside and above the combustor, recording images at 1 kHz. At each condition, three ensembles of data are recorded with a duration of 0.5 s each to reach statistically meaningful mean and RMS (root mean square) values. A statistical uncertainty analysis on the PIV data was performed by computing the standard error of the mean. For axial velocities, we obtained a precision uncertainty of 12.32 6 0.11 m Á s À1 for the maximum absolute value and 0 6 0.07 m Á s À1 for the minimum absolute value, with 95% confidence. For radial velocities, we have a precision uncertainty of 6.9 6 0.1 m Á s À1 for the maximum absolute value and 0 6 0.034 m Á s À1 for the minimum absolute value, with 95% confidence. Methane is supplied by a Sierra C100M Smart-Trak digital mass flow controller with a flow rate uncertainty of 6 1% of maximum capacity. A Sierra Instruments 780 S Flat-Trak flow meter is used to measure the air flow rate with the same uncertainty. Subsequent measurement error on the equivalence ratio is d/ error % 0:002.
Results and Discussion

Dynamic Instabilities and Flame Macrostructures.
The stability map of pure methane combustion in the atmospheric pressure swirl-stabilized combustor is determined first: we increase the equivalence ratio from near the lean blowoff limit (LBO limit at 0.47 for pure methane in these conditions) up to 0.75 (below flashback). Each increment of d/ ¼ 0:01 is maintained for a dt ¼ 10 s interval. This value is chosen to allow enough time for the equivalence ratio to stabilize around a set point and to provide a large enough Fourier number to ensure close to thermal steady state at the boundary (F o ¼ a quartz dt=d 2 quartz % 2). At low equivalence ratios-close to LBO limit-combustion is stable and the recorded pressure fluctuation is relatively low (oscillating between 650 Pa). As the equivalence ratio is raised the first unstable mode appears, before the combustor becomes quiet again. A further increase in the equivalence ratio leads to a second unstable mode. Figure 4 (b) shows the evolution of the pressure fluctuations upstream of the swirler as the equivalence ratio is raised. The solid line on the left corresponds to the LBO limit. Figure 4 (c) shows the associated spectrogram on which we can differentiate five regions. The first region extends from LBO until / $ 0:55 À 0:56. In this range, combustion is stable with a broadband turbulent combustion noise. No coupling with the acoustic field is taking place. Starting at / ¼ 0:56 pressure fluctuations with a 38-40 Hz dominant harmonic but still with low amplitude appear. A weak coupling between combustion and the acoustic field takes place. As the equivalence ratio is raised further, a transition to the first unstable mode with a 40-42 Hz dominant frequency and large sound pressure level (around 145 dB) takes place. The onset of this instability occurs around / ¼ 0:61. This region extends for a D/ % 0:03 beyond which a quasi-stable combustion appears again, similar to the quasi-stable region observed for / 2 ½0:56 À 0:61. When the equivalence ratio reaches / ¼ 0:68, an abrupt increase of the sound pressure level occurs and a dominant oscillatory component appears at 117 Hz with a large sound pressure level around 150 dB. Table 1 summarizes the characteristic of the different regions observed. Similar dynamic modes have been previously reported by Speth et al. [20] using different syngas mixtures in a similar geometry.
The spatial distribution of the flame brush changes as the equivalence ratio is raised. The mechanisms underlying these changes are still not fully understood. In the current paper we do not attempt to explain the reasons behind the transition between flame configurations but we focus instead on establishing the relationship between the mean flame configurations and the dynamic modes observed. At low equivalence ratio, close to the LBO limit, the flame appears in a columnar shape in the shear layer delimiting the vortex core downstream of the vortex breakdown (flame I). As the equivalence ratio increases, the columnar distribution gets wider and a transition occurs at a certain value of the equivalence ratio (/ $ 0.54). The flame propagates inside and around the vortex breakdown bubble as well as along the shear layer defining the portion of the vortex core upstream of the breakdown (flame II). The flame is observed to extend inside the inlet tube reaching the swirling centerbody. This flame exists in a relatively narrow range of equivalence ratio. The downstream portion of the flame is still columnar, similar to flame I, but with a larger diameter. Flame III appears suddenly (i.e., change occurs within a D/ ¼ 0:01). In this configuration, the flame brush appears close to the combustion chamber wall boundary layer. The major difference with the previous configuration is that combustion is not taking place inside the IRZ. A comparison between the mean flame chemiluminescence and the pressure measurement (see Fig. 4 ) shows that this transition (II to III) is accompanied by the transition from stable to quasi-stable dynamic mode (region 2 to 3 described above), i.e., to the weakly oscillating 40 Hz mode. Increasing the equivalence ratio leads to a more and more compact flame but still with the same overall mean configuration, i.e., still flame III. At an equivalence ratio between 0.6 and 0.61, the onset of the first unstable mode is accompanied by a flame configuration change. The flame transitions from configuration III to a configuration IV where on average the flame appears along the inner shear layer but also extends to the ORZ and OSL. When combustion becomes quasi-stable again (region 4 in Table 1 ), the flame on average still appears in the inner shear layer, extending close to the wall, and remains also in the ORZ. At higher equivalence ratio, the sudden sound pressure level jump happens simultaneously with another transition in the mean flame structure. This corresponds to another configuration (flame V). The latter configuration is highly unsteady, oscillating at higher frequency, starting around 117 Hz. Flame V is not shown here and a phase-average analysis is more appropriate for this highly unsteady flame but this transition is out of the scope of the current study.
Superposing the sound pressure level and the mean chemiluminescence signal from the flame in Fig. 4 
the acoustic energy of the combustor (flame I to II) whereas other transitions (II to III and III to IV) were accompanied by a measurable change. It is important to see here that the first appearance of a continuous flame front in the ORZ (flame IV) as the equivalence ratio is raised matches with the onset of the first unstable mode. Moreover, flame IV can be unstable and quasistable. This is similar to the "noise island" previously reported by Fritsche et al. [8] . In the next section ( Sec. 3.2) , we analyze further the changes in dynamic mode of the combustor and explore any potential causality between flame shape transition and onset of instabilities.
Acoustically Decoupled Combustion Analysis
3.2.1 Acoustic Decoupling. In order to examine in more detail the onsets of unstable modes, we artificially decouple heat release fluctuations from the acoustic field. The method used for decoupling is the modification of the combustor's geometry downstream to alter the resonant frequencies without changing the underlying flow. By doing so, we break the feedback loop between unsteady heat release and acoustic pressure fluctuations. The eigenfrequencies of a combustor depend to a large extent on the geometry and the temperature distribution as these are the main sources of acoustic impedance change. Here, the combustor is shortened to achieve the decoupling of heat release and pressure in a range of equivalence ratio of interest. Figure 1 shows the geometry after changing the combustor's length. These two lengths lead to combustors with different sets of resonant frequencies.
The length of the combustor in both cases is larger than the largest diameter allowing for a one-dimensional modeling of the geometry. By taking into account a simple impedance change due to the presence of the flame, the resonant frequencies are estimated for both configurations. This simplified quasi-onedimensional model assumes the flame as compact and doesn't take into account the flame transfer function. The flame, in this model, is only responsible for a sudden change in the flow temperature. Figure 5 shows the numerically predicted resonant frequencies of the initial length combustor as a function of the equivalence ratio (left) and these frequencies when the combustor is shortened by a factor of $10 (right). At / ¼ 0:61 (onset of instability in region 3 shown previously) the first eigen-mode is estimated around 49 Hz which is in fair agreement with the frequency observed experimentally (40 Hz-see spectrogram in Fig. 4) . At / ¼ 0:68 where region 5 instability starts, the second eigen-mode is estimated around 142 Hz to be compared to the frequency observed experimentally (117 Hz). After altering the length of the combustor, the two resonant modes mentioned above are shifted to higher frequencies and appear around 155 Hz and 440 Hz, respectively. The comparison of the predicted and experimental resonant frequencies shows a fair agreement for the long combustor. A non-negligible discrepancy appears for the case of the short combustor, as will be seen later. This shows the limit of a simple one-dimensional modeling for this case where the assumptions made, like a compact flame, a large aspect ratio of the combustor, become more debatable. Pressure fluctuations in the nonreacting flow and a near blowout (flame I) conditions are shown for comparison to further assess the above predictions. Figure 6 confirms the fair agreement found with predictions using the simplified acoustic network approach. We see that the natural frequency of the combustor is shifted to higher values, as expected with a shorter length. Additional peaks are observed in Fig. 6 ; these are potentially the results of nonlinear interaction between acoustic modes and a precessing vortex core (PVC) [21] observed in cold flow and in flame configuration I. The PVC frequency is observed in the range of 100-120 Hz, which is close to the second harmonic of the long combustor and the fundamental frequency of the short combustor. We also note the effect of the combustion and its heat release on the natural frequencies of the combustor.
Dynamic Stability and Flame Macrostructures in the
Long Versus Short Combustor. We conduct the same series of experiments to determine the stability map of methane combustion Transactions of the ASME in the modified combustor. A special care was given to ensure the same experimental protocol for both combustors. We first see that the 40 Hz unstable mode is fully suppressed in the short combustor. We see also that combustion in the two previous quasi-stable regions is now fully stable. The short combustor still exhibits an unstable mode for equivalence ratio above / $ 0:7 À 0:71 but with lower amplitude. The modification of the geometry succeeded in completely decoupling combustion from the acoustic field for equivalence ratio between the LBO up to / $ 0:7 À 0:71. When decoupling the acoustics from the heat release fluctuations, the swirling reacting flow in the short combustor still exhibits several flame macrostructures as we raise the equivalence ratio. As done previously, the mean flame distribution is inferred from long exposure flame imaging. Figure 7(b) shows the different mean flame configurations observed as the equivalence ratio is raised.
The five configurations observed earlier are still observed. However, while the transition III to IV was previously accompanied by the onset of an unstable mode at the fundamental frequency of the long combustor, the transition occurs while the combustor remains stable, in the shortened version. This transition occurs gradually starting from / $ 0:61. The flame starts to appear intermittently in the outer recirculation zone. Figure 8 shows a sequence of high speed flame images taken at a frame rate of 200 fps with an exposure time of 1/200 s, illustrating this intermittency and in which we see a flame appearing in the ORZ, disappearing and re-appearing again. This phenomenon is referred to as ORZ flame flickering. ORZ flickering extends over a range D/ % 0:03 beyond which the flame becomes present in the ORZ with a probability close to 1 (as will be seen in Sec. 3.3) which corresponds to configuration IV.
Following the same approach as that used for the long combustor, we superpose the measured pressure signal-as the equivalence ratio is raised-and the different flame configurations observed. The result is shown in Fig. 9 where transition points are carefully noted and ensemble-averaged over three experiments, performed following the same experimental protocol. We see that the observed sequence of mean flame configurations is not only the same in the long and short combustors, but the transitions (for configurations I, II, III, and IV) occur at similar equivalence ratios as well. However, the transition from configuration IV to V occurs at a higher equivalence ratio compared to the long combustor case. Moreover, the ORZ flame flickering window between / $ 0:61 and / $ 0:64=0:65, overlaps with the range of equivalence ratio at which the long combustor exhibits its first unstable mode. Table 2 summarizes the combustion characteristics for both combustor lengths.
Flow Field of Stable Flame Macrostructures.
We now interrogate the flow field, in the decoupled short combustor, for each of the flame macrostructures (I to IV) using PIV. Under these conditions, these configurations are all dynamically stable. The velocity field undergoes dramatic changes as we transition from a configuration to another, highlighting the strong coupling between the turbulent flow and the heat release. Figures 10 and 11 show the time-averaged axial-radial velocity streamlines colored by the velocity magnitude and the total rms velocity, respectively. In addition, the zero axial velocity contour is shown, as an approximate location of the mean shear layer. Only axial and radial velocities were measured so the mean velocity magnitude is estimated as 
with S being the swirl number and SU x;mean being an approximation of U h;mean . The total root mean square velocity is calculated as
We note that the equivalence ratios are only slightly different here compared to equivalence ratios of the mean flame images shown in Fig. 7 and these still correspond to the same configurations.
The flow field at all equivalence ratios exhibits negative axial velocity regions, namely the recirculation zones (IRZ and ORZ). These regions are bounded by the ISL and OSL. However, the flow strength, the presence and location of stagnation points, as well as the relative size of recirculation zones are among the major differences between different flame macrostructures.
Nonreacting Flow. The cold flow field shows the existence of a stagnation point around the sudden expansion plane close to the centerline. The IRZ extends downstream away from the field of view with a weak negative axial velocity. This field of view does not allow to conclude on whether this recirculation zone closes downstream or not. Two counter rotating vortices are observed on the shear layer one inlet diameter downstream of the stagnation point, contributing in average to the flow in and out of the recirculation zone. These two vortices in the plane are likely to be part of the same toroidal vortex ring. Moreover, a flow-flow impingement point is observed just downstream of the upper vortex along the inner shear layer. This point appears like an off-centered downstream stagnation point, further highlighting the cylindrical asymmetry of the flow at these conditions. This flow is similar to swirling flows with asymmetric helical mode of vortex breakdown reported in the literature for swirling flows [14, 22] . In fact, this flow exhibit a strong PVC oscillating at a frequency around f PVC ¼ 105 Hz or a Strouhal number St PVC ¼ f PVC D in =U in % 0:5.
Flame I. The mean flow field in flame I (/ ¼ 0:51) is similar to the cold flow. In the range of equivalence ratio where macrostructure I exists, which is very close to the LBO limit (/ LBO % 0:47), the rate of heat release is relatively low and the effect of combustion on the flow dynamics is relatively weak. The major difference is the strength of the back flow as well the incoming jet reattachment length. The PVC is still observed for this flame with a slight shift upward in frequency.
Flame III. When flame III is established, the flow field is dramatically different from the nonreacting and flame I flow fields. A clearly defined IRZ bubble appears. While the upstream stagnation points disappear from the field of view, the downstream one's position becomes close to the combustor's centerline. An additional vortical structure appears in the middle of the IRZ, in addition to the two vortices on the inner shear layer. The vortical structures of the IRZ lead to a two-lobe structure as shown by the axial zero velocity contour. These flame and flow field are characterized by their symmetry when compared to previous cases (cold flow and flame I).
Flame IV. The streamlines for / ¼ 0:65 show the mean velocity after the transition of the flame to the ORZ. A comparison with the flow field at / ¼ 0:6 shows a more compact IRZ without the two-lobe structure mentioned above. In addition, a larger incoming annular jet is observed along with the reappearance of the upstream stagnation point.
Increasing heat release level through the increase in equivalence ratio changes the flame macroscale structure along with the flow field. The swirling flow field seems to shift from a spiral asymmetric mode dominated by a PVC with a clearly defined frequency-the PVC being observed in cold flow and flame I-to an axisymmetric vortex breakdown with a bubble-shaped IRZ, observed for higher equivalence ratio flames. The types of vortex breakdown observed in our experiments and their characteristics extracted from PIV fit fairly well the description of the different types of vortex breakdown reported by Lucca-Negro and O'Doherty [14] . The suppression of the PVC has also been previously observed but there is still a lack of consensus around the mechanisms underlying it. As the equivalence ratio is raised, the heat release increases and induces a higher incoming jet velocity. Heat release only affects the meridional (axial-radial) velocity but not the swirling component. Thus, one expects the swirl strength to decrease. This could not be confirmed here as the azimuthal component of velocity was not measured. This decrease in swirl strength could potentially be the reason behind the shift from a strong asymmetric helical mode to the symmetric bubble mode of vortex breakdown instability, but this requires further investigation which is outside the scope of the current study. Finally, the angle between the centerline and the mean incoming jet angle and its dependency on the equivalence ratio is plotted in Fig. 12 . The incoming jet angle and its reattachment length's corollary change as a function of equivalence ratio. The net effect of ORZ expansion and increased compactness of the IRZ lead to a larger width incoming jet. The jet forms a narrower angle in the mean flow sense for the cold flow and, as the equivalence ratio increases, the angle increases. This effect has been previously numerically studied [23] . This trend is reversed for flame IV. This can be explained by the appearance of expanded hot products in the ORZ forcing the incoming jet inward towards the combustor's centerline.
Transition to ORZ Flame (III to IV).
The previous analysis established a relationship between the different dynamic modes and the mean flame macrostructures observed. We saw that even when decoupling the reacting flow from the acoustic field, the flame brush spatial distribution still changes and transitions occur around the same equivalence ratio. The onset of instability at the fundamental frequency of the long combustor is of particular interest as it is associated with a specific event: the change in flame configuration from flame III to IV through an intermittent appearance of the flame in the ORZ (see Fig. 8 ) as highlighted earlier. In this section, we aim to explore this transition in more detail.
Using the shortened version of the combustor-for which instability was suppressed-we increase the equivalence ratio following again the same procedure. When reaching the flickering interval (shown in Fig. 9 ) the equivalence ratio is maintained and IR-filtered high speed images are recorded at a frame rate of 200 frames per second, an exposure time of 5 milliseconds, from / ¼ 0:59 to / ¼ 0:66, i.e., a range encompassing the transition between flame III and flame IV. Flame chemiluminescence intensity is extracted from a selected region in the ORZ, shown in Fig.  13 , and spatially averaged over that region. The probability of a flame to be present in the ORZ is plotted in this range of equivalence ratio (see Fig. 14) . This probability is defined as the number of snapshot where a nonzero ORZ intensity is recorded divided by the total number of frames. As the equivalence ratio is raised the probability of having a flame in the ORZ increases, with an inflection point at / ¼ 0:63. Passed / ¼ 0:64, the flame becomes continuously present in the ORZ as reflected by its probability P /¼0:65 ¼ 0:97.
The ORZ space-averaged flame intensity is plotted over time in Fig. 15 for / ¼ 0:60; / ¼ 0:63; / ¼ 0:66 along with its discrete Fourier transform using the fast Fourier transform (FFT) algorithm. The spectral analysis shows the presence of low frequency events in the range $(1 Hz-10 Hz) and a clear tone occurring around 28 Hz. The Strouhal number associated with this peak at 28 Hz, based on the inlet diameter and the inlet bulk velocity, is St % 0:12. From the temporal variation of the signal, we see that the low frequency events correspond to the re-appearance of the flame in the ORZ. In some of these appearance instances, the flame reaching the ORZ is quickly extinguished. In other instances, the flame is advected along the outer recirculation vortex ring, survives and rotates around the combustor's centerline as it propagates. This rotation motion was highlighted in our previous work and associated with the 28 Hz frequency peak. It was also found to be dominated by hydrodynamics and not fuel dependent [24] . The two frequency bands observed here using flame chemiluminescence data were also confirmed based on the velocity field: we performed a dynamic mode decomposition (DMD) of the instantaneous PIV measurements [25] to extract dominant dynamics of the reacting flow for the different flame macrostructures. This approach showed that the transition from configuration III to IV is associated with these frequency bands, as well. In addition, the low frequency band was also linked to changes in the IRZ structure [25] . Low frequency motion of the IRZ has been previously highlighted in the bubble-type vortex breakdown [14] . Most probably, this low frequency motion is related to the cyclic filling and emptying of the vortex breakdown bubble volume that has been previously reported by Brucker and Althaus [26] as well as Billant et al. [27] . During this motion, the incoming fluid through the annular jet around the bubble is entrained inside the bubble from the downstream part of the bubble then ejected from it from the upstream part. Billant et al. [27] proposed an approximation for the frequency of this filling and emptying cycle based on a simple scaling analysis: f / V= _ Q with V being the volume of the inner recirculation bubble and _ Q being the volumetric flow rate into the bubble. In the case of the swirling flow setup studied in this paper, 
% 40a (8) With a the fraction of the volumetric flow rate that is recirculated through the IRZ and approximating the vortex breakdown bubble as a sphere with radius D in . Assuming a in the range of 0.1-0.4, i.e., between 10% and 40% of the inlet volumetric flow rate recirculates through the inner bubble then the low frequency pulsation motion of the IRZ is in the range of 4-16 Hz which is of the order of the frequency measured by chemiluminescence as well as the frequency extracted from the DMD analysis.
Concluding Remarks
In this paper, we explored the relationship between the combustion dynamic modes and mean flame configurations or macrostructures as a function of the equivalence ratio. We used a confined premixed swirl-stabilized dump combustor similar to those found in modern gas turbines. The fuel (methane), the swirl number (S ¼ 0.7), the Reynolds number (Re Din ¼ 20; 000), the inlet temperature (300 K) and pressure (atmospheric) were held constant. By breaking the feedback loop between the heat release rate and the acoustic pressure fluctuations, through the modification of the resonant frequencies of the combustor without altering the underlying flow, the mean flame configurations and the transitions between them could be analyzed. We reached the following conclusions:
(1) Dynamic modes in the long combustor are mostly associated with specific mean flame brush spatial distributions. Transitions in the flame macroscale structures are in most instances accompanied by changes in dynamic modes. In particular, the first appearance of a continuous flame front in the ORZ coincides with the onset instability at the long combustor's fundamental frequency. (2) The observed sequence of flame macrostructures is not only the same in both the initial (long) and the modified (short) combustor, but the transitions (for configurations I, II, III, and IV) occur at similar equivalence ratios. (3) High speed, relatively low exposure time chemiluminescence analysis of the transition between configuration III and IV in the short combustor (where this transition occurs in a thermo-acoustically stable way) shows that this transition is gradual (over D/ $ 0:03) and is characterized by an intermittent appearance of the flame in the ORZ. The probability of an existing flame front in the ORZ increases as the equivalence ratio is raised. This ORZ flame flickering phenomenon was shown to be associated with two distinct frequency bands: a low frequency broadband mainly in the range $ (1 Hz-10 Hz), likely due to the IRZ motion, and a narrow band centered around 28 Hz (St % 0:12).
In the future, we plan to investigate further the intermittent flame transition to the ORZ, in particular the transition mechanism. The mechanisms underlying the other flame macrostructure transitions will be investigated as well. Planar laser-induced fluorescence imaging of OH radicals (OH-PLIF) measurements as well as numerical tools (large eddy simulations) will be used to reach this goal. 
